ABSTRACT: Anatomy and biomechanics of the human hip joint are a consequence of the evolution of permanent bipedal gait. Habitat and behaviour have an impact on hip morphology and significant differences are present even within the same biological family. The forces acting upon the hip joint are mainly a function of gravitation and strength of the muscles. Acetabular and femoral anatomy ensure an inherently stable hip with a wide range of motion. The femoral head in first human ancestors with upright gait was spherical (coxa rotunda). Coxa rotunda is also seen in close human relatives (great apes) and remains the predominant anatomy of present-day humans. High impact sport during adolescence with open physis however can activate an underlying genetic predisposition for reinforcement of the femoral neck, causing an epiphyseal extension and the formation of an osseous asphericity at the anterosuperior femoral neck (cam deformity). The morphology of cam deformity is similar to the aspherical hips of quadrupeds (coxa recta), with the difference that in quadrupeds the asphericity is posterior. It has been postulated that this is due to the fact that humans bear weight on the extended leg, while quadrupeds bear weight at 90-100˚flexion. The asphericity alters the biomechanical properties of the joint and as it is forced into the acetabulum leading to secondary cartilage damage. It is considered a risk factor for later development of osteoarthritis of the hip. Clinically this presents as reduced range of motion, which can be an indicator for the structural deformity of the hip. ß
The concavity of the femoral head at the femoral head neck junction defines the offset of the joint and enables a free range of motion of the hip in activities of daily living such as running, climbing, and squatting without osseous conflict between the femoral neck and the acetabulum. In hips with a cam deformity, the femoral head neck junction is convex. This results in an aspherical contour of variable shape presenting as osseous flattening or bump at the antero-superior head neck junction, thus reducing the free range of motion. The concavity of the femoral head is quantified using the alpha angle. The alpha angle is measured on axial radiographs of the hip and defined as the angle formed by the femoral neck axis and a line through the center of the femoral head and the point where the articular surface exceeds the best fitting circle in the anterior neck area. Cam deformity is likely in hips with an alpha angle of more than 46˚(SD 10˚). 1, 2 By intrusion into the acetabulum with secondary acetabular cartilage damage, cam deformity can lead to symptomatic femoroacetabular impingement (FAI), which is considered a risk factor of secondary osteoarthritis in young adults. 3, 4 In the general male population at age 20, the prevalence of cam-type FAI is up to 23%. 5 In females at the same age a cam deformity generally is not present. 6 The aim of this paper is to review the current literature focusing on the evolution of cam deformity and its consequences on biomechanics in the hip joint.
EVOLUTION OF THE HUMAN HIP
In mammals, two different types of hip joint morphology occur: Most commonly, an aspherical femoral head with a thick, short femoral neck (coxa recta) exists. The proximal femur evolves from a single secondary osseous epiphysis (coalesced) and is found in animals requiring a sturdy hip, such as quadrupedal runners, jumpers, and hoppers. 7 In contrary, a spherical femoral head with a long and narrow femoral neck (coxa rotunda) is predominately found in large apes (orangutan, chimpanzee, and gorilla), humans and amphibious swimmers (seal, beaver, sea otter). In this type, the femoral head and the greater trochanter emerge from two separate secondary ossification centers. A closed relationship between habitat/behavior and hip morphology has been found even within the same biological family: Bovids living in open environments with few structural obstacles at ground level (e.g., the blackbuck antelope) tend to have an aspherical, rectangular femoral head. The resulting decrease in hip mobility prevents unnecessary axial rotation and makes hindlimb propulsion more effective in high speed running. On the other hand, bovids with more spherical femoral heads are found in habitats where an increased range of motion of the hip is beneficial, such as forests with an uneven ground and many obstacles (e.g., the four-horned antelope). 8 The hip joint of the human ancestor Australopithecus, which evolved in eastern Africa some 3.2 million years ago, consisted of a coxa rotunda. 7 This had the advantage of a high range of motion of the hip joint, allowing the individual to sit, stand and climb trees and is ideally adopted for a jungle habitat. A changing habitat from open savanna and the evolution of permanent bipedal gait required several mechanical adaptations. The occasional bipedal walk of apes consists of a short and stiff lumbar spine and flexion in hip and knee, requiring high locomotor costs. Human bipedal walk consists of a lumbar spine lordosis, hip extension and a verticalization of the femur, optimizing energy efficiency as reduced work is required for hip extension. 9 While femoral neck antetorsion in mid-flexion (quadrupeds) places the capital growth more vertical under the gait load, antetorsion in extension (humans) increases shear forces on the capital physis. In addition, in human neonates the physis is nearly horizontal and later develops an anterior tilt of up to 30˚in adolescents, thus increasing the shear force on the physis. 10 Pauwels et al. postulated an adaption of the physis to load to restore the growth plane approximately perpendicular to the applied forces.
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The load on the proximal femur acts predominantly along the femoral neck from supero-antero-medial to infero-postero-lateral. Bipedal running increases the load on the hip up to eight times the body weight and the vector of the force tends to point more anterior to posterior. 12 The load on the human hip acts as tension in the upper part and compression in the lower part of the femoral neck. The tension of the abductor muscles to stabilize the pelvis in single leg stance further increases the load on the femoral neck. The femoral neck in present-day humans is build to withstand this pressure with a very solid bone of the calcar femoris and a thinner shell in the rest of the neck. One can hypothesize that the augmentation of the femoral neck in cam morphology similar to a coxa recta leads to a hip, which is less prone for a femoral neck fractures. This might result in improved survival of the individual into the reproductive stage. The increased risk for osteoarthritis of the hip only manifests much later in life and is not recognized as an influential factor for evolutionary selection. 7, 13 A high concavity of the entire femoral head-neck area was found in apes, a decreased posterior concavity in quadrupedal runners and a decreased anterior concavity in humans. High femoral head concavity in apes allows for a high impingement free range of motion, but make these hips more prone to fracture when applying excessive load. Anterosuperior concavity is decreased in humans compared to apes, represented by increased alpha angle (45.6˚vs. 29.4˚). Further, in humans a larger variation in alpha angles was found than in apes. 13 Decreased posterior concavity but high anterior concavity has been described in quadrupedal runners such as horses. It has been postulated that the posterior femoral head neck junction may be the region of shock absorption during hoof strike in running. Due to gait in a range between 80-110˚flexion, 14 a decreased posterior concavity does rarely lead to impingement and subsequently does not affect the evolutionary fitness. In humans on the other hand, average hip range of motion is 95˚-120˚flexion and 15˚extension. 15, 16 During normal gait, the hip moves from 5˚extension to 35˚-50˚flexion (walkingrunning). Subsequently, humans bear weight close to the hip extension limit. A substantial decreased posterior concavity is rarely seen in humans and would prevent normal gait and subsequently affect evolutionary fitness. In contrast, the decreased anterior concavity due to the cam deformity does not prevent normal human gait and has no effect on the evolutionary fitness. It is unclear in which time frame of human evolution cam deformity evolved. A femur of a male who lived around 5,000 years ago showed clear signs of cam deformity. 17 On the other hand, in 249 species of an ancient human population who lived between the 8th and 11th century, cam deformity was inexistent. 18 A possible explanation is that high impact sports as a source of excessive load on the hip of young athletes only evolved over the last 150 years (ice hockey 1860 in Canada, basketball 1861 in the US and soccer 1863 in England), suggesting that cam deformity in humans is a more recent problem.
DEVELOPMENT OF CAM-TYPE FAI
Human embryos and children have a round femoral head (coxa rotunda). 19 The femoral morphology of patients with cam-type FAI however is similar to coxa recta. Cam deformity develops after the age of 13 years, but does not progress after fusion of the epiphysis. 20, 21 The etiology of a cam deformity seems to be a combination of genetic predisposition, hormonal influence, external mechanical load, the shape of the epiphyseal growth plate und unknown further factors.
A genetic influence has been suspected as siblings of patients with FAI showed an increased prevalence of FAI (relative risk: 2.8) compared to healthy controls. 22 Immature bone is capable of remodeling reactive to the mechanical load, inducing a development of a cam deformity. The average peak growth velocity, peak amplitude of growth hormone pulsatile secretion as well as insulin growth factor-1 (IGF-1) levels in boys occur at the mean age of 13.4 years. GH und IGF-1 largely influence bone growth and remodeling, subsequently this period is prone to adaption of bone modeling due to mechanical stress. 23 High loading conditions influence the mechanical stimuli on an open femoral epiphysis. In a randomized controlled trial by Fuchs et al., 24 a significantly higher increase of femoral neck area as well as bone mineral content was found in children aged 6-9 years after a seven-month training of jumping from a step, compared to the control group. A relation between increased load during sport activity and development of cam-type FAI has been first proposed in 1971 by Murray and Ducan. 25 Increased prevalence up to 89% of cam-type FAI has been found in male individuals performing high intensity sports, 26 such as basketball, 27 ice hockey, [28] [29] [30] soccer 31 and baseball. Higher alpha angles were found in soccer players who started high frequency training (>3 times per week) under the age of 12 years compared to soccer players who started high frequency sport at a later age, indicating the increased load on the hip in the age before closure of the growth plate may have an impact on hip development. 33 The shape of the growth plate has been shown to influence the effect of the mechanical load. 34 In patients with a large epiphyseal extension, highest impact was found in the lateral side of the growth plane and decreased in the medial side during hip flexion and external rotation. This leads to an imbalance of the osteogenetic index in the femoral head with an increased index on the site of the asphericity in cam deformity. 34 This imbalance was not found during normal gait or in hips with a normal epiphyseal extension in any type of hip motion. In a study with 9-16 year old basketball players, increased epiphyseal extension correlated with increased alpha angles. 35 The etiology of the increased epiphyseal extension however is not yet fully understood. High loading activities and chronic overload has been suspected to trigger an accelerated and excessive epiphyseal extension. 35 Subclinical slipped capital femoral epiphysis (SCFE) has been proposed as the possible pathomechanism of cam-type FAI. In a cohort of 200 patients with cam impingement, Albers et al. 36 have shown that a post-slip morphology was present in only 12%. The highest prevalence (72%) in the cohort contained hips with idiopathic cam-type morphology with a normal epiphyseal angle but increased epiphyseal extension.
BIOMECHANICS OF CAM-TYPE FAI
Cam deformity leads to an impingement between the femoral head neck junction and the acetabular rim during hip flexion, internal rotation and adduction. The aspherical part of the femoral head is pushed into the acetabulum. This results in labral damage, chondro-labral separation and avulsion of the acetabular cartilage. 4, 37 A recent study based on computed tomography showed that impingement can occur in as early as 40˚of flexion, leading to intrusion of the cam deformity into the acetabulum during walking or running. 38 In a finite element study, increased peak maximum shear stress was found on the underlying bone at the anterosuperior region during squatting as well as during sitting down and standing up, but not during normal walking. 39, 40 While current knowledge supports the concept that a cam deformity leads to damage of the acetabular cartilage, there are several factors like femoral torsion, varus, and valgus deformities of the proximal femur and acetabular orientation that can also influence the location and degree of cartilage damage. 41 During level gait, patients with cam deformity tend to walk slower with a reduced range of motion of the hip (lower peak hip flexion-extension, adduction-abduction, and internal-external rotation). [42] [43] [44] Ascending stairs, patients with FAI had increased peak trunk forward flexion angles and hip flexion moments, decreased peak knee flexion moments and ascended the stairs slower than controls. 45 During deep squat, decreased internal rotation and decreased pelvic tilt was found in hips with cam-type FAI. 46 Additionally, decreased hip extensor moments were found, suggesting diminished hip extensor muscle activity as a cause of the decreased pelvic tilt. 46 Patients with cam-type FAI had 20% less force in hip abduction and the ratio of isometric force in external/internal rotation was increased compared to controls. 47 The prevalence of cam deformity in patients with a history of traumatic hip luxation or subluxation was 74%, indicating this deformity acts as a fulcrum that levers the femoral head posteriorly. 48 Changes of hip kinematics after surgical treatment of FAI are subject of current research. In short term followup, postoperative hip flexion was increased in three studies, but unchanged or decreased in two studies. [49] [50] [51] [52] [53] In a long-term study, hip extension, internal rotation, and abduction was increased ten years postoperatively compared to preoperative. No difference was found in hip flexion, external rotation, and adduction. 54 
CONCLUSION
The hip of human ancestors consisted of a round femoral head (coxa rotunda). With the evolution of permanent bipedal gait, the load on the hip joint increased und subsequently the hip morphology adapted. Genetic predisposition, increased lateral epiphyseal extension, and high intensity sport in young adolescence have an impact on development of a cam deformity. The resulting cam-type FAI syndrome leads to biomechanical changes, notably a smaller overall range of motion, and to cartilage damage.
